Presentation and experimental validation of a model for the effect of thermal annealing on the photoluminescence of self-assembled InAs/GaAs quantum dots J. Appl. Phys. 107, 123107 (2010) We have investigated the effect of postgrowth thermal annealing on the electron emission from InAs quantum dots ͑QDs͒ containing a misfit-related defect state induced by strain relaxation. Additional carrier depletion in the GaAs bottom layer near the QD, caused by the defect state, can effectively suppress electron tunneling from the QD, leading to the observation of a thermal emission from the QD electron ground state to the GaAs conduction band with a large emission energy of 213 meV, in contrast to defect-free nonrelaxed QDs in which an emission of 58 meV from the QD electron ground state to first excited state is observed. The emission energy is reduced to 193 meV and to 164 meV after annealing at 650 and 700°C for 1 min, respectively. This emission energy reduction is correlated with the photoluminescence blueshift which is attributed to the interdiffusion of atoms across the QD interface. The electron emission from the QD first excited and ground states is found to be a thermal emission at high temperatures and a tunneling emission at low temperatures. The tunneling energy barrier is found to be comparable to the thermal emission energy, supporting a thermal emission to the GaAs conduction band. This study illustrates a significant effect of a defect state on the electron-emission process in the QDs, suggesting the possibility of modifying the electron emission time of the QDs by purposely introducing a deep defect state.
I. INTRODUCTION
Transitions between the conduction-band ͑CB͒ states of InAs self-assembled quantum dots ͑QDs͒ ͑Refs. 1-8͒ are in the long-wavelength infrared region and referred to as intraband transitions. Understanding the electron emission mechanism [9] [10] [11] [12] is important for infrared applications such as photodetectors. 13, 14 Kapteyn et al. 9 observed a two-step electron emission process: a thermal emission from the QD electron ground state ͑EGS͒ to first excited state ͑FES͒ and then tunneling to the GaAs CB, rather than a thermal emission from the QD EGS to the GaAs CB. This work and related studies 10, 11 suggest a significant tunneling emission for the electrons escaping from the QDs. Lowering the background concentration in the GaAs barrier layer is expected to increase the tunneling width and suppress the tunneling emission. Another approach is to induce additional carrier depletion in the GaAs barrier layer by purposely introducing a deep defect state. Defect-free coherent QDs can be formed by partial strain relaxation. However, when InAs deposition thickness exceeds a critical thickness ͑ϳ3 ML͒, strain is relaxed by inducing lattice misfits. 15, 16 With an InGaAs strainreducing capping layer, 17 the misfits are confined near the QD bottom interface and behave like electron-trapping centers. These deep levels can cause additional carrier depletion and suppress the tunneling emission, leading to a significant modification of the electron emission process in the QDs. Postgrowth thermal annealing [18] [19] [20] [21] [22] is expected to shift upward the QD electron states because a blueshift of photoluminescence ͑PL͒ is usually observed due to the interdiffusion of atoms across the QD interface. Thus, it would be interesting to study the effect of the thermal annealing on the electron emission from the QDs and compare the results with the PL spectra. In this work, the electron emission from relaxed InAs QDs, subjected to thermal annealing at different temperatures, are systematically investigated using capacitancevoltage ͑C-V͒ profiling and admittance spectroscopy. Due to the long emission time, the misfit-related defect state is probed by voltage-dependent deep-level-transient spectroscopy ͑DLTS͒.
II. EXPERIMENTS
The InAs QDs with an InGaAs capping layer were grown on n + -GaAs ͑100͒ substrates by solid source molecular beam epitaxy in a Riber machine. On top of a 0.3-m-thick Si-doped GaAs ͓͑6-10͒ ϫ 10 16 cm −3 ͔ barrier layer, an InAs layer with different deposition thicknesses from 2 to 3.3 ML was deposited at 490°C ͑at a rate of 0.26 Å/s͒ to form the QDs. The DLTS and cross-sectional transmission electron microscopy ͑TEM͒ detected no defects when the InAs deposition thickness is less than 3 ML. However, when the InAs deposition thickness exceeds 3 ML, lattice misfits and an associated deep level, along with a sudden PL blueshift, are observed, 23 indicative of strain relaxation in the QDs. Following the growth of the QD layer, a 60-Å In 0.15 Ga 0.85 As capping layer and a 0.2-m-thick Si-doped GaAs ͓͑6-10͒ ϫ 10 16 cm −3 ͔ barrier layer were grown to terminate the growth. Detailed growth conditions can be found elsewhere. 24 A typical QD sheet density of about 3 ϫ 10 10 cm −2 was observed by atomic force microscopy ͑AFM͒. Postgrowth annealing was performed by rapid thermal annealing. For C-V profiling, Schottky diodes were re-alized by evaporating Al on sample surface. The C-V profiling and admittance spectroscopy were performed using HP 4194A impedance analyzer. PL measurements were carried out using a double frequency Nd-doped yttrium aluminum garnet laser at 532 nm.
III. MEASUREMENT AND RESULTS

A. Electron distribution in the QDs
To see the electron distribution in the QDs, Fig. 1 shows the C-V and converted carrier profiling ͑at 110 K͒ for asgrown relaxed InAs QDs with InAs deposition thickness of 3.3 ML and for QDs annealed at 650°C ͑denoted as a650͒ and 700°C ͑denoted as a700͒ for 1 min, respectively. Annealing does not much affect the profiling. Two distinct C plateaus starting at about Ϫ1.5 and Ϫ3.5 V, as denoted by quantum emission ͑QE͒ and defect emission ͑DE͒, can be seen. Significant leakage current starts to appear after Ϫ4 V. The QE plateau is converted to a carrier peak near the QD spatial position ͑0.2 m͒. For the as-grown QDs, the peak is slightly asymmetric with a weak shoulder on the right side ͑at 0.23 m͒. Prominent asymmetric shape was observed in defect-free nonrelaxed QDs in which the right shoulder was identified to be the electron emission from the QD EGS and the peak was identified to be the electron emission from the excited state ͑ES͒ of the QDs ͑to be shown͒. Note that for the three samples, the depletion on both sides of the QE peak is rather asymmetric. The valley concentration ͑for the asgrown QDs at 1 KHz͒ is 1.5ϫ 10 16 cm −3 on the bottom GaAs side, which is much smaller than that of 5 ϫ 10 16 cm −3 on the front GaAs side, and the broadness of the depletion on the bottom GaAs side is more than double of that on the front GaAs side. This additional carrier depletion on the bottom GaAs side is attributed to the misfitrelated defect state induced by strain relaxation in the QDs. This additional carrier depletion can significantly affect the electron emission from the QDs to the GaAs bottom layer. After the QE peak, when reverse voltage is further applied, Fermi level will eventually intersect with the misfit defect state, leading to the emergence of the DE plateau in the C-V profiling. The corresponding deep depth of 0.34 m ͑for the as-grown QDs͒ cannot be interpreted as the spatial location of the defect state. The defect state is localized near the QD and neighboring GaAs bottom layer. Due to its being deeper in energy, when Fermi level crosses the defect state, the edge of the Schottky depletion region is already moved to a depth of about 0.34 m. From a simple Schottky depletion model, a rough estimation from the spatial separation between the QE and DE peaks yields that the defect state is about 0.3 eV below the QE peak state. This energy position is consistent with that to be revealed by DLTS. The C-V profiling clearly indicates the presence of two electron emissions: one from a shallow QD state and the other from the deep state. Note that as ac frequency is increased, the intensity of the QE peak attenuates, suggesting a resolvable time constant. We will determine its emission time by admittance spectroscopy in Sec. III C. As to the DE peak, due to its long emission time, its time constant is revealed by DLTS. Figure 2 shows the DLTS spectra for the as-grown QDs and a650. To evaluate the spatial location, the quiescent voltage is decreased with a sweeping step of 0.5 V. The filling pulse duration time is selected to be 80 ms to saturate the intensity of the defect state. Both samples show no signals until the quiescent voltage is decreased to about Ϫ3.5 V, corresponding to the starting voltage ͑Ϫ3.5 V͒ of the DE plateau in Fig. 1 , and thus the observed trap ͑at ϳ300 K͒ shall correspond to the DE peak. The Arrhenius plots yield activation energies ͑capture cross sections͒ of 0.38 eV ͑1.42ϫ 10 −16 cm 2 ͒ and 0.36 eV ͑8.1ϫ 10 −17 cm 2 ͒ for the as-grown QDs and a650, respectively. The DLTS spectra reveal no signal related to the QE peak due to its too short emission time. Further decreasing the quiescent voltage beyond Ϫ4 V, a rapid increasing leakage current renders the DLTS measurements very difficult. The parameter of this DE trap is similar to that ͑0.395 eV, 1 ϫ 10 −16 cm 2 ͒ observed by Uchida et al. 16 in strain relaxed InGaAs/GaAs quantum well structures. This defect state is associated with relaxationinduced lattice misfits observed by Fourier transformed cross-sectional TEM. 25 Annealing at 650°C does not much affect the concentration and emission parameters of this defect state. We had investigated the DLTS spectra by varying filling pulse duration time and found that the amplitude of the defect state saturated when filling pulse duration time was increased to about 1 ms. The feature of saturation suggests an isolated point defectlike nature for the misfit defect state. The saturated peak intensity of ⌬C = 0.3 pF in Fig. 2 yields a sheet density of about 4.1ϫ
B. DLTS characterization of the misfit defect state
A =5ϫ 10 −3 cm 2 , and permittivity = 1.14 ϫ 10 −10 F / m. This density is approximately one order of magnitude less than the QD sheet density ͑about 3 ϫ 10 10 cm −2 from AFM͒, and thus the concentration of the defect state is not large enough to cause a complete depletion of the electrons in the QDs. This can explain the observation of the QE peak, consistent with the PL spectra which clearly show the QD ground and first excited transitions at 300 K ͑to be shown͒.
C. Electron emission from the QDs
We can roughly estimate the density of the electrons accumulated in the QDs by evaluating the underlying area of the QE peak in Fig. 1 . From the lowest ac frequency as indicated, we obtain sheet densities of 2.78ϫ 10 11 , 2.69 ϫ 10 11 , and 2.06ϫ 10 11 cm −2 for the as-grown QDs and a650 and a700, respectively. Annealing seems to slightly reduce the concentration of the electrons in the QDs. A comparison with the QD density of ϳ3 ϫ 10 10 cm −2 suggests that the electrons fill up to the FES of the QD. The frequency-dependent attenuation of the QE peak allows us to determine the emission time by measuring the conductance as a function of frequency and temperature at the dc voltages corresponding to the QE plateau in Fig. 1 ͑Ϫ2 to Ϫ3.4 V for the as-grown QDs, Ϫ1.3 to Ϫ3.2 V for a650, and Ϫ1.5 to Ϫ2.6 V for a700͒. Figure 3 shows the conductance/ frequency-frequency ͑G / F-F͒ spectra at a dc voltage corresponding to the near ending of the QE plateau ͑the electrons in the QDs are nearly emptied͒ for the as-grown QDS and a650 and a700, respectively. The oscillation level is selected as 10 mV. For each temperature, the G / F curve displays a peak at a frequency corresponding to emission rate. As shown in Fig. 3 , for a same temperature, the peak is shifted to a higher frequency after annealing, suggesting that annealing can reduce the emission time. Figure 4 shows the Arrhenius and logarithmic plots of the emission time ͑the inverse of the emission rate͒ as a function of dc voltage. From the logarithmic plots, the emission time displays a strong temperature dependence at a high temperature and a near temperature independence at a low temperature. Thus, electron emission from the QDs transits from a thermal emission to a tunneling emission when temperature is lowered. From the Arrhenius plots at high temperatures, the thermal emission energy are obtained to be 91-213 meV from Ϫ2 to Ϫ3.4 V for the as-grown QDs, 86-193 meV from Ϫ1.6 to Ϫ3.2 V for a650, and 52-164 meV from Ϫ1.6 to Ϫ2.6 V for a700. Table I summarizes the bias-dependent emission energies and capture cross sections for the three samples.
The bias-dependent emission energy for the electron emission from the QDs is not due to an electric field effect because increasing the amplitude of the electric field would decrease, not increase, the emission energy. This observation suggests a bandlike electron state for the QDs. As estimated from the area of the QE peak, the QE peak shall consist of the QD EGS and FES. Thus, the observed energy from 91 to 213 meV for the as-grown QDs may represent the two states and the 213 meV is the highest bound of the EGS. As shown in Fig. 1 , the QE peak for the as-grown QDs is asymmetric   FIG. 3 . The G / F-F spectra measured on the QE peaks for the as-grown relaxed InAs QDs and those annealed at 650 and 700°C, respectively. The dc voltages correspond to the near emptying of the QD electron GS.
with a right shoulder. When temperature is lowered below 100 K, the QE peak starts to split into two peaks, as shown in Fig. 5 . Since Fermi level first crosses the higher energy state when reverse dc voltage is applied, the peaks at 0.25 and 0.28 m shall be the QD FES ͑denoted as ES͒ and the EGS ͓denoted as GS ͑for ground state͔͒, respectively. Let us try to distinguish the spectral ranges of the two states. In Fig. 5͑a͒ , the indicated voltage of Ϫ2.25 V represents the dc voltage for the near emptying of the electrons of the FES and starting to deplete the EGS and the voltage of Ϫ3.4 V represents the emptying of the EGS. Thus, we use the corresponding emission energy of 119 meV for Ϫ2.25 V to separate the two states. As a result, the energy from 91 to 119 meV is considered as the FES and the energy from 119 to 213 meV as the EGS, yielding spectral broadness of 28 and 94 meV for the FES and EGS, respectively. By taking the averaged value as the energy position, assuming the emission energy is relative to the GaAs CB, the FES and EGS are 105 and 166 meV, respectively, below the GaAs CB, as shown in Fig. 5͑a͒ . These confinement energies are close to 96 and 190 meV reported by Kapteyn et al., 9 and 60 and 140 meV reported by Brunkov et al. 26 for similar InAs QDs. This comparability supports the assignment of the QE peak as electron emission from the QDs, rather than from some defect states.
As aforementioned, the misfit defect state is about 0.3 eV below the QE peak state. If we take the FES ͑105 meV͒ as the peak state, the misfit defect state would be at about 0.4 eV below the GaAs CB, which is close to the activation energy ͑0.38 eV͒ of the trap observed by the DLTS. This consistency confirms that the defect state is localized near the QDs and the observed emission is relative to the GaAs CB. In order to confirm whether the electronic band structure in Fig. 5͑a͒ is related to the FES and EGS of the QDs, we compare it with PL spectra. Figure 6 shows the 300-K PL spectra of the as-grown QDs, a650, and a700, respectively, under the excitation of 3.3 mW. Except for the spectrum for the as-grown QDs, which displays an additional peak at 1307 nm, each spectrum displays the ground ͑as indicated by 1215, 1198, and 1170 nm, respectively͒ and first excited transitions of the QDs. The peak at 1307 nm for the as-grown QDs is considered as a transition from another group of the QDs. In order to show this, Fig. 7͑a͒ illustrates the temperature dependence of the as-grown QDS under an excitation power of 10 mW. When temperature is lowered, the ground ͑1215 nm͒ and the first excited ͑1150 nm͒ transitions significantly increase in intensity accompanied by a blueshift of about 50 meV ͑from 300 to 50 K͒, which is comparable to that observed in nonrelaxed QDs. In comparison, the intensity of the transition at 1307 nm only slightly increases, suggesting that the related group of the QDs are much smaller in number and are nearly filled up with carriers at 300 K, relative to the group of the QDs that give the 1215-nm transition. Increasing excitation power can lead to the emergence of the second excited transition of the QD group that gives the 1215-nm ground transition, as shown in the 300-K PL spectra in Fig. 7͑b͒ . The spectra are normalized by the ground transition at 1215 nm to illustrate the relative intensity FIG. 6 . 300-K PL spectra of relaxed InAs QDs for the as-grown QDs and samples annealed at 650 and 700°C, respectively. Transitions from the QD GS and FES can be clearly seen. Blueshifts of 15 and 39 meV can be seen after annealing at 650 and 700°C, respectively. The inset shows the fitting of the spectra of the annealing at 650°C by three Gaussians corresponding to the ground, first excited, and second excited transitions.
FIG. 7.
͑a͒ Temperature-dependent PL spectra of the as-grown QDs under an excitation power of 10 mW, illustrating a ground transition at 1215 nm and a first excited transition at 1150 nm. ͑b͒ Power-dependent PL spectra at 300 K. In order to show the relative intensity change, the spectra are normalized by the ground transition ͓denoted by ͑1͔͒. As excitation power increases, the first excited ͓denoted by ͑2͔͒ and second excited ͓denoted by ͑3͔͒ transitions are enhanced with respect to the ground transition. ͑c͒ The deconvolution of the 300-K PL spectra. change. As power increases, in contrast to the transition at 1307 nm, the first excited ͓indicated by ͑2͔͒ and second excited ͓indicated by ͑3͔͒ transitions are enhanced with respect to the ground transition. This feature reflects limited filling of the GS and the filling of the ES by additional photogenerated carriers. Thus, transitions ͑1͒-͑3͒ should belong to the same group of the QDs. Increasing power does not appreciably enhance the 1307-nm transition, reflecting the fact that the related QDs are very low in number and are already filled up with carriers at low powers. From the deconvoluted 300-K spectra ͓Fig. 7͑c͔͒, the energy separations between the ground and first excited transitions and between the first and second excited transitions for the predominant group of the QDs are obtained as 59 and 45 meV, respectively, which are close to those observed in nonrelaxed QDs. Thus, the 1215-nm transition is considered as the ground transition of the predominant group of the QDs.
The detailed nature of the transition at 1307 nm is not fully understood. However, it is suspected to be a transition from some QDs that remain nonrelaxed. Note that its wavelength is close to the achievable longest wavelength before the onset of strain relaxation. When the InAs deposition thickness is below a critical relaxation thickness of 3 ML, increasing the InAs deposition thickness can redshift the ground transition to about a maximum of 1310 nm ͑at 300 K͒. When the InAs deposition thickness exceeds 3 ML, the ground transition undergoes a sudden blueshift of about 70 meV due to strain relaxation. Further increasing the InAs deposition thickness can further increase the blueshift. The longest wavelength achievable before strain relaxation is about 1300 nm. Thus, we suspect that at the onset of strain relaxation, due to size dispersion, a few QDs whose size is still below the critical size ͑with equivalent wavelength of 1300 nm͒ are probably not relaxed and give rise to the 1307-nm transition. Further increasing the InAs deposition thickness would enhance the degree of strain relaxation and reduce the numbers of these nonrelaxed QDs, which can explain the experimentally observed decreasing intensity of this transition. Figure 6 shows that the 1307-nm transition becomes invisible after annealing, suggesting that annealing probably can probably provide thermal energy for these remaining nonrelaxed QDs to relax and to blueshift its transition. In view of the above discussions, the nonrelaxed QDs are very few in number. Electron emission from these nonrelaxed QDs is expected to be very weak and fast, and thus electron emission from them is not considered. In fact, as shown in Fig. 5͑b͒ , the carrier distribution at 90 K exhibits a very weak bump at 0.33 m. This bump is seen after the GS of the relaxed QDs, consistent with its relative long PL wavelength. Thus, this bump is likely related to the 1307-nm transition.
As shown in Fig. 6 , the ground transition is blueshifted from 1.0206 to 1.0351 eV and further to 1.0598 eV after annealing at 650 and 700°C, respectively. This blueshift is usually explained by the interdiffusion of atoms across the QD interface. The observation of these transitions suggests that the QD sates are not severely degraded by strain relaxation. Thus the electron emission from the related electron states is expected to be observed. We fit each spectrum by three Gaussians corresponding to the ground, first excited, and second excited transitions, as shown in the inset of Fig.  6 for a650. Table II shows the obtained full widths at half maximum ͑FWHMs͒ of the ground and first excited PL transitions ͑denoted as GS and ES͒ for the as-grown QDs and a650 and a700, respectively. For the as-grown QDs, the FWHMs are 68 and 41 meV for the ground and first excited transitions, which are close to 94 and 28 meV for the broadness of the QD EGS and FES shown in Fig. 5͑a͒ . The PL spectra show energy separation of 59 meV between the ground and first excited transitions, which is closed to that of 61 meV between the EGS and FES in Fig. 5͑a͒ . This comparability suggests a very small energy separation between the hole GS and FES, as previously claimed. 26 As shown in Table II , the total FWHM of the ground and first excited transitions for a650 is 107 meV, which is close to the whole range of 106 meV ͑from 86 to 193 meV͒ observed from the electron-emission energy from the QDs ͑C-F spectra͒. Similar closeness is observed for a700. This comparison shows comparable broadness and separation of the electron energy states and the corresponding PL transitions, supporting that the QE peak is originated from the QD EGS and FES.
Annealing can decrease the electron-emission energies of the QDs. For example, the highest-bound emission energy of the EGS decreases from 213 to 193 meV and to 164 meV after annealing at 650 and 700°C, respectively. This implies upward energy shifts of 20 and 49 meV, which are close to the 300-K PL blueshifts of 15 meV ͑from 1.0206 to 1.0351 eV͒ and 39 meV ͑from 1.0206 to 1.0598 eV͒ as shown in Fig. 6 . Thus, the reducing emission energy of the QD states can be correlated to the PL blueshift which is attributed to the interdiffusion of atoms across the QD interface. This result suggests that most of the energy shift induced by annealing is in the CB, consistent with the result of a theoretical calculation. 27 The consistency of the energy shift further supports the assignment of the QE peak as electron emission from the QDs, rather than from the misfit defect state to the QD state as previously suspected. 17 Since if it were, the up- ward shift of the QD state by annealing as implied by the PL blueshift would increase the emission energy, rather than decrease as experimentally observed. Hence, the QE peak is proved to be an electron emission from the QDs.
D. Electron emission mechanism from the relaxed QD
The logarithmic plots of the emission times in Fig. 4 suggest a combination of a thermal emission and a tunneling emission as expressed by the equation e n = e th + e tun . 28 Here e th = ␥T 2 n exp͑−E a / kT͒ is the thermal emission rate where ␥ = 2.28ϫ 10 20 cm −2 s −1 K −2 for n-type GaAs, E a is the thermal emission barrier and n is the capture cross section, and e tun = ͑qF / 4 ͱ 2m
3 / qបF͔͒ is the tunneling emission rate, where F is the electric field and E h is the tunneling barrier height. From the Arrhenius plots at high temperatures, values of E a and n have been determined as listed in Table I . Values of the tunneling barrier height E h can be fitted by the emission times at low temperatures in Fig. 4 . We found that the fitted E h is very close to E a . This is illustrated in Fig. 8 , in which the experimental data points can be fitted by the above theoretical expression ͑solid curves͒ using E h = E a . To further illustrate this point, Fig. 9 shows the experimental tunneling times ͑observed at low temperatures͒ for the as-grown QDs and a650 and a700 follow the theoretical tunneling time expression tun =1/ e tun with E a as E h . The fact that the thermal emission barrier is the tunneling barrier indicates that at high temperatures, electrons are thermally emitted from the QD states to the GaAs CB. This electron emission process is quite different from that observed in defect-free nonrelaxed QDs. ness of 2.4 ML. Electron emission from the QDs results in a capacitance plateau ͑Ϫ1.5 to Ϫ3 V͒ and its corresponding carrier peak at 0.25 m ͑denoted as ES͒ with a clear shoulder bump at 0.26 m ͑denoted as GS͒. Besides this plateau, no further plateau, such as the DE plateau observed in the relaxed QDs, is seen. Furthermore, the carrier depletion is rather symmetric on both sides of the peak. The ES peak is attributed to electrons in the QD ESs tunneling [9] [10] [11] to the GaAs CB. The emission time of this peak is too short to be resolved up to 1 MHz at 10 K. The GS shoulder shows frequency-dependent attenuation with an emission time on the order of 10 −6 s ͑at 70 K͒ and with emission energy of ϳ60 meV, 17 as indicated in Fig. 11 . This emission energy is comparable to the PL energy spacing between the ground and first excited transitions, and thus the shoulder bump is attributed to a thermal excitation from the QD EGS to FES and subsequently tunnels to the GaAs CB, in a two-stage emission process previously described, 9 as illustrated by a CB schematic diagram ͑nonrelaxed͒ in Fig. 11 . The two-step emission mechanism for nonrelaxed QDs was previously corroborated by capping the InAs QDs with an InAlAs layer to increase the energy spacing between the EGS and FES and a comparable increase in this energy spacing and in the energy spacing between the PL ground and first excited transitions was ovserved. 29 Detailed discussions on the emission process in nonrelaxed QDs can be found elsewhere. 9, 14 When the InAs deposition thickness exceeds 3 ML, strain relaxation in the QDs occurs, accompanied with a sudden PL blueshift of about 70 meV in the ground transition 18 and the generation of a misfit defect state near the QD if the QD is capped with an InGaAs layer. Without the InGaAs capping layer, strain relaxation would generate additional threading dislocations in the top GaAs barrier layer. 30 Hence, the InGaAs capping layer can effectively relieve the strain in the top GaAs layer, leading to the occurrence of strain relaxation near the QD bottom interface. With the InGaAs capping layer, strain relaxation does not deplete much the carriers in the QDs. However, the induced misfit defect state can cause additional carrier depletion on the GaAs bottom side and suppress the tunneling emission from the QDs. As a result, electrons escaping out of the EGS and FES occur through a thermal emission to the GaAs CB ͑at high temperatures͒, as illustrated in the schematic diagram ͑relaxed͒ in Fig. 11 , in which the detailed CB protrusion due to the additional carrier depletion is not shown. Highest-bound thermal emission energy of 213 meV is observed for the QD EGS for the as-grown QDs, with respect to 60 meV in the nonrelaxed QDs. Figure 11 shows that strain relaxation significantly elongates the emission time of the QD EGS. Annealing at 650°C can reduce the highest-bound emission energy of the EGS to 193 meV and further to 164 meV after annealing at 700°C. Figure 11 shows the emission times of the EGS for dc biases corresponding to the peak of the EGS. At low temperatures, inevitable tunneling emission appears. The tunneling times for the FES are on the order of 10 −6 s, relative to an irresolvable short time in the nonrelaxed QDs. Since annealing does not much affect the concentration and emission parameters of the misfit defect state as implied by the DLTS, the decrease in the emission time and energy by annealing cannot be explained by the effect of the defect state. Judging from a comparable energy blueshift in the PL transition, the decrease in the emission time is attributed to an upward energy shift of the QD electron states due to interdiffusion of atoms across the QD interface. The results of the present studies illustrate a significant effect of a defect state on the electron-emission process in the QDs, offering the possibility of modifying the electron emission time of the QDs by purposely introducing a deep defect state.
IV. CONCLUSIONS
Electron distribution and emission in strain relaxed InAs QDs subjected to thermal annealing are investigated. Strain relaxation can introduce additional capacitance plateau due to the generation of a misfit defect state, leading to additional carrier depletion in the GaAs bottom side. This carrier depletion can suppress the tunneling emission from the QDs and change the electron emission process. Without the defect state, electrons escape from the GS through a thermal emission to the FES and then tunneling to the GaAs bottom layer. With the defect state, at high temperatures, electrons escape from the GS and FES via a thermal emission to the GaAs CB, leading to a significant increase in the emission time and energy. Annealing can reduce the emission time and energy due to an upward energy shift of the QD electron states, as evident from the observation of a similar energy shift in the PL transitions of the QDs. These results suggest that a defect state can be purposely introduced to modify the electronemission time of the QDs. 
